In order to solve the problem of which the dynamic response of a supercapacitor (SC) is limited due to the mismatch dynamic characteristics between the DC/DC converter and supercapacitor in an energy storage system, this paper proposes a hybrid model predictive control strategy based on a dual active bridge (DAB). The hybrid model predictive control model considers the supercapacitor and DAB in a unified way, including the equivalent series resistance and capacitance parameters of the SC. The method can obtain a large charging and discharging current of the SC, thereby not only improving the overall response speed of the system, but also expanding the actual capacity utilization range of the SC. The simulation results show that compared with the model prediction method of the dual active bridge converter, the proposed control method can effectively improve the overall response speed of the system, which can be improved by at least 0.4 ms. In addition, the proposed method increases the actual upper limit of the SC voltage, reduces the actual lower limit of the SC voltage, and then expands the actual capacity utilization range of the SC by 18.63%. The proposed method has good application prospects in improving the dynamic response performance of energy storage systems.
Introduction
Supercapacitors (SCs) have developed rapidly in recent years due to their large capacity, high power density [1] , high charge-discharge rate, high conversion efficiency, wide operating temperature range, no pollution, and convenient control. However, due to the wide range of terminal voltages during the storage and release of energy in an SC, the systems used in actual energy storage systems are usually equipped with bidirectional DC/DC converters to implement power conversion [2] .
In addition, since an SC voltage unit is low [3] , many units should be connected in series in actual use, causing the problem of equalization. For some applications, where the DC bus voltage is relatively large, such as a three-phase grid-connected inverter, a high-gain bidirectional DC converter suitable for a wide voltage range is needed to adjust the output voltage to meet the energy requirements of the DC bus [4] . In recent years, dual active bridge bidirectional DC-DC converters are commonly used in medium power applications [5] , which enable a soft switching operation over a wide voltage range. Additionally, the transformer turns ratio can be used to obtain a high gain output [6] . In addition, the DAB converter has the advantages of a high power-density, bidirectional transmission power, high efficiency, and structural symmetry [7, 8] . Due to the large number of switches in a DAB converter, the control process is generally complicated, so the response time of the converter is longer than with an SC [9] , which does not reflect the fast response characteristics of SCs. In order to improve the dynamic response speed of the converter when the load is abrupt or the input voltage fluctuates, some scholars have proposed related control methods.
In [10] , an inductor current boundary control method was proposed based on tradition inductor current peak control and single-phase shift control. The boundary control method significantly speeds up the dynamic response of the DC-DC converter when the load suddenly changes, but the method is too complicated and requires up to five Hall sensors. In [11] , a load current feedforward control method was proposed based on direct power control, which introduces the load current into the control system, significantly improving the load response speed of the converter. However, it did not analyze the response characteristics of the converter when the input voltage was changed. In [12] , based on the idea of direct power control, a virtual direct power control strategy was proposed, which introduces input voltage and load current information at the same time, so that the converter achieves a fast dynamic response. In [13] , based on the working principle of a dual-active bridge DC-DC converter, the principle of single-phase shift control, and the steady-state characteristics of the output current, an output current control method based on the input voltage feedforward was proposed to improve the dynamic characteristics of the converter. This method is based on the research of the dual active bridge DC-DC converter as the current source. In [14] , a model predictive control strategy was proposed based on the establishment of the state space average model of a DAB by analyzing the characteristics of a DAB and using the traditional phase shift control as an example. The proposed method significantly improved the dynamic characteristics of the converter for the input voltage's abrupt change and the load's abrupt change compared with the traditional voltage closed-loop control method.
In order to improve the overall response speed of a super-capacitor energy storage system based on dual active bridges, a hybrid model predictive control strategy with a fast dynamic response time is proposed. First, the overall structure model of the energy storage system based on a combined appropriate SC equivalent model and a DAB converter model is established in this paper. Then, the working principle of a DAB based on traditional phase shift control is analyzed, and the state space average model of the energy storage system composed of a DAB converter and SC is established. By selecting the appropriate evaluation target and establishing the cost function, a model predictive control strategy incorporating the parameters of the SC equivalent model is proposed to manage the energy of the system. Finally, the effectiveness of the proposed control strategy is verified by simulations in Matlab (9.2.0.538062 (R2017a), MathWorks, Natick, Massachusetts, America) software and experiments.
Working Principle of the DAB-SC System

SC Model
The structure of the SC unit is mainly composed of electrodes, electrolytes, diaphragms, and packaging, and each component has an important impact on its performance. Thus, it is necessary to build a precise and applicable SC model in circuit analysis. Scholars have proposed many SC equivalent models based on the physical structure and charging and discharging conditions, such as the first-order classical resistor-capacitor (RC) model, RC transmission line model, multi-branch RC parallel model, frequency domain model [15] , and artificial neural network (ANN) model. By combining various SC models to obtain a general model, the general SC equivalent circuit model can be simplified based on characteristics, such as: Large-scale modularization of SCs, high charging and discharging power, and high charging and discharging frequency. The simplified model is shown in Figure 1 . The use of SCs for large-scale energy storage requires identification of the SC parameters. In the simplified equivalent circuit model of the SC unit, RES is the equivalent series resistance, which not only characterizes the heat loss inside an SC, but also causes different voltage drops as the discharge current changes. Thus, RES affects the maximum value of the discharge current to a certain extent. The magnitude of RES generally does not change with external factors [16] , and is usually measured by a classical model.
When the charge and discharge conditions of the SC are determined, the main factor that affects the value of the variable capacitor in the equivalent circuit is the actual operating voltage [17] . In order to identify the parameters of the SC unit, several sets of tests are needed, by charging the SC unit to different voltage levels with a constant frequency.
According to Equation (1), the actual capacitance of an SC unit in different sets of tests can be calculated:
In Equation (1), QSC is the amount of charge of an SC; ΔUSC is the actual voltage change; ISC is the SC current; ΔT is the charging and discharging time; ΔUC is the total voltage change; ΔUESR is the voltage drop caused by ESR.
After processing the (Ucharge, Cactual) data-points by the linear fitting method, the relationship between the capacitance and voltage of a SC can be obtained as shown in Equation (2):
In Equation (2), Cactual is the actual capacitance of an SC at different voltages; ΔC is the variable capacitance; C0 is the initial capacitance of an SC; Kv is the coefficient of variation of the SC capacitance with the voltage; Ucharge is the SC's actual voltage.
In this paper, through the linear fitting of graphic data in [18] , the voltage and capacitance data of Maxwell's 1 F SC were obtained, and then the data of the 125 V, 63 F SC, which was used in this paper, was obtained according to the string and parallel relationship of the capacitor. The 125 V, 63 F SC is made up of 46 modules in series, and the module was obtained by paralleling 2900 Maxwell's 1 F, 2.7 V SC units. Additionally, the obtained data of the 125 V, 63 F SC were linearly fitted to obtain a relation as shown in Equation (3):
(3)
Principle Analysis of DAB
The DAB converter acts as an interface between the SC and DC bus. Generally, there are two basic control methods for the DAB converter: The first is pulse width modulation control; the second is phase shift control. Phase shift control is simpler and easier to implement than the first. Therefore, most DAB controls adopt the phase shift control method [19] . Taking single-phase shift as an example, when a single DAB is in normal operation, the switching frequencies of the Hbridges on both sides of the isolation transformer are the same, and the two H-bridges output square-wave voltages, uab and ucd, respectively, with a duty ratio of 50%. When the phase of the uab leads the ucd, the energy is forwardly transmitted; that is, from udc to uo. Otherwise, the energy is reversely transmitted. Therefore, by controlling the degree of the phase shift angle between the two square wave voltages, the transferred energy can be controlled. The use of SCs for large-scale energy storage requires identification of the SC parameters. In the simplified equivalent circuit model of the SC unit, R ES is the equivalent series resistance, which not only characterizes the heat loss inside an SC, but also causes different voltage drops as the discharge current changes. Thus, R ES affects the maximum value of the discharge current to a certain extent. The magnitude of R ES generally does not change with external factors [16] , and is usually measured by a classical model.
In Equation (1), Q SC is the amount of charge of an SC; ∆U SC is the actual voltage change; I SC is the SC current; ∆T is the charging and discharging time; ∆U C is the total voltage change; ∆U ESR is the voltage drop caused by E SR .
After processing the (U charge , C actual ) data-points by the linear fitting method, the relationship between the capacitance and voltage of a SC can be obtained as shown in Equation (2):
In Equation (2), C actual is the actual capacitance of an SC at different voltages; ∆C is the variable capacitance; C 0 is the initial capacitance of an SC; K v is the coefficient of variation of the SC capacitance with the voltage; U charge is the SC's actual voltage.
The DAB converter acts as an interface between the SC and DC bus. Generally, there are two basic control methods for the DAB converter: The first is pulse width modulation control; the second is phase shift control. Phase shift control is simpler and easier to implement than the first. Therefore, most DAB controls adopt the phase shift control method [19] . Taking single-phase shift as an example, when a single DAB is in normal operation, the switching frequencies of the H-bridges on both sides of the isolation transformer are the same, and the two H-bridges output square-wave voltages, u ab and u cd , respectively, with a duty ratio of 50%. When the phase of the u ab leads the u cd , the energy is forwardly transmitted; that is, from u dc to u o . Otherwise, the energy is reversely transmitted. Therefore, by controlling the degree of the phase shift angle between the two square wave voltages, the transferred energy can be controlled. Figure 2 shows the topology of the DAB-SC system. Figure 3 shows the main working waveform of the converter with the phase shift control method. The two switches on each bridge arm are complementarily turned on, and the diagonal switches are turned on or off at the same time. The power is controlled by controlling the phase shift angle between the midpoint voltages, u ab and u cd , of the primary and secondary side arms. T s is half of the switching frequency, T s = 1/(2f s ), and D represents the phase shift between u ab and u cd , where D = t on /T s , and −1 < D < 1. The working principles of the converter when transmitting power in the forward and reverse directions are similar. This paper utilized the forward direction as an example to analyze the operating characteristics of the DAB converter. Before the analysis, the following assumptions were made: (1) The converter is in steady state operation; (2) all switches are regarded as ideal switches with a reverse parallel diode, and the parasitic capacitance is connected in parallel; (3) the size of L is equal to the sum of the leakage inductance of the transformer and the applied inductance; (4) the transformer is ideal, the excitation current is zero; and (5) u dc > nu o , where n is the turns ratio of the transformer.
Energies 2019 4 of 20 9 Figure 2 shows the topology of the DAB-SC system. Figure 3 shows the main working waveform of the converter with the phase shift control method. The two switches on each bridge arm are complementarily turned on, and the diagonal switches are turned on or off at the same time. The power is controlled by controlling the phase shift angle between the midpoint voltages, uab and ucd, of the primary and secondary side arms. Ts is half of the switching frequency, Ts = 1/(2fs), and D represents the phase shift between uab and ucd, where D = ton/Ts, and −1 < D < 1. The working principles of the converter when transmitting power in the forward and reverse directions are similar. This paper utilized the forward direction as an example to analyze the operating characteristics of the DAB converter. Before the analysis, the following assumptions were made: (1) The converter is in steady state operation; (2) all switches are regarded as ideal switches with a reverse parallel diode, and the parasitic capacitance is connected in parallel; (3) the size of L is equal to the sum of the leakage inductance of the transformer and the applied inductance; (4) the transformer is ideal, the excitation current is zero; and (5) udc > nuo, where n is the turns ratio of the transformer. When the converter is working in the forward direction, the driving signals of S1, S4 and S2, S3 are ahead of S5, S8 and S6, S7 respectively, as shown in Figure 3a . In the figure, u'cd is the voltage of ucd converted to the primary side; uL is the voltage across the inductor, L; and iL is the inductor current.
Under steady-state conditions, the relationship between the transmission power of the DAB and the amount of phase shift is as shown in Equation (4): Figure 2 shows the topology of the DAB-SC system. Figure 3 shows the main working waveform of the converter with the phase shift control method. The two switches on each bridge arm are complementarily turned on, and the diagonal switches are turned on or off at the same time. The power is controlled by controlling the phase shift angle between the midpoint voltages, uab and ucd, of the primary and secondary side arms. Ts is half of the switching frequency, Ts = 1/(2fs), and D represents the phase shift between uab and ucd, where D = ton/Ts, and −1 < D < 1. The working principles of the converter when transmitting power in the forward and reverse directions are similar. This paper utilized the forward direction as an example to analyze the operating characteristics of the DAB converter. Before the analysis, the following assumptions were made: (1) The converter is in steady state operation; (2) all switches are regarded as ideal switches with a reverse parallel diode, and the parasitic capacitance is connected in parallel; (3) the size of L is equal to the sum of the leakage inductance of the transformer and the applied inductance; (4) the transformer is ideal, the excitation current is zero; and (5) udc > nuo, where n is the turns ratio of the transformer. When the converter is working in the forward direction, the driving signals of S1, S4 and S2, S3 are ahead of S5, S8 and S6, S7 respectively, as shown in Figure 3a . In the figure, u'cd is the voltage of ucd converted to the primary side; uL is the voltage across the inductor, L; and iL is the inductor current.
Under steady-state conditions, the relationship between the transmission power of the DAB and the amount of phase shift is as shown in Equation (4): When the converter is working in the forward direction, the driving signals of S 1 , S 4 and S 2 , S 3 are ahead of S 5 , S 8 and S 6 , S 7 respectively, as shown in Figure 3a . In the figure, u' cd is the voltage of u cd converted to the primary side; u L is the voltage across the inductor, L; and i L is the inductor current.
Under steady-state conditions, the relationship between the transmission power of the DAB and the amount of phase shift is as shown in Equation (4):
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It can be known from Equation (4) that the transmission power reaches maximum when D = 0.5 in the forward transmission, and when D = −0.5 in the reverse transmission. Typically, the DAB converter operates in the range of D∈[−0.5, 0.5].
The output power of the DAB can also be expressed as P o = u o i o , and the relationship between the output current of the DAB converter and the phase shift amount can be obtained as shown in Equation (5):
In the DAB converter, there are two key parameters, which are the transformer ratio, n, and the buffer inductance, L. When the input voltage of the DAB converter is equal to the value of the output voltage converted to the primary side, the current stress of the device is minimized. By considering the actual fluctuation of the input and output voltages, the transformer ratio can be selected to make the rated input voltage equal to the value of the rated output voltage converted to the primary side. For example, when the rated voltages of the input and output voltages are 700 V and 75 V, respectively, the transformer ratio is determined to be n = 700/75 ≈ 9.
The zero voltage switch (ZVS) range of the device and the suppression of the reactive power are mutually contradictory. A larger ZVS range of a device requires larger inductor values; however, for the suppression of the reactive power, the smaller the inductor value, the better [20] , which is a contradiction. The focus of this paper was to study the response speed of the system, and thus the influence of ZVS was not considered. Therefore, a small inductance value as selected for the research.
State Space Average Model of DAB-SC
In order to establish the state space average model of the DAB, the output capacitor voltage and the inductor current were selected for modeling. It can be seen from Figure 3a that when the voltage, u ab , leads the voltage, u cd , the energy is transmitted forward, 0 < D < 0.5. The overall DAB-SC system has six working states in one switching cycle, and a system of differential equations can be established in each working state. According to Kirchhoff's law, the differential equations, Equations (6)-(11), can be obtained:
For each differential equation, it can only represent the voltage-current relationship in this operating state. Therefore, it is necessary to establish a differential equation that can describe the characteristics of the converter over the entire switching period. It is worth noting that in the DAB, the inductor current is a pure alternative current (AC) component whose average value is zero during one switching cycle, so the average value of the inductor current is meaningless. Therefore, a simplified Energies 2019, 12, 2134 6 of 20 reduction model of the DAB module can be obtained by eliminating the inductor current as shown in Equation (12):
Similarly, when the voltage, u cd , leads u ab , the energy is reversely transmitted; that is, −0.5 < D < 0, and the simplified reduced-order model of the DAB module is shown in Equation (13):
In conclusion, when −0.5 < D < 0.5, the simplified reduced-order model of the DAB module is as shown in Equation (14):
Management Strategy
The state of charge (SOC) reflects the remaining capacity of the SC. In a photovoltaic system equipped with energy storage, by accurately estimating the SOC, how long the SC can work under a current load can be determined. There is a definite relationship between the energy, E SC , stored by the SC and the terminal voltage, as shown in Equation (15):
Therefore, it is only necessary to detect the SC voltage to accurately determine its SOC. The relationship between the voltage of the SC and the SOC is as shown in Equation (16):
In Equation (16), C SC is the capacity of the SC, U o is the SC's terminal voltage, and U N is the rated voltage of the SC.
Based on the relationship between the terminal voltage and the SOC, the system can be managed by controlling the terminal voltage. Six voltage limits were set: The DC bus voltage upper limit, U dc_max ; lower limit, U dc_min ; SC upper limit voltage, U sc_max ; lower limit voltage, U sc_min ; upper limit warning voltage, U sc_h ; and lower limit warning voltage, U sc_l . The working principle is as follows: When the DC bus voltage exceeds U dc_max and the SC voltage is close to U sc_min , the SC can be charged with a large current. As the SC voltage increases, the phase shift duty ratio of the DAB converter is changed by predictive control in order to prevent overcharging and to increase the upper limit of the actual SC charging voltage; when the DC bus voltage exceeds U dc_min , and the SC voltage is close to U sc_max , the SC performs a large current discharge. As the SC voltage decreases, the phase shift duty ratio of the DAB converter is also changed by predictive control in order to prevent over discharging and to decrease the lower limit of the actual SC charging voltage.
According to the State Grid Corporation "DC Power System Technical Supervision Regulations" and other relevant standards and specifications, when the DC bus power supply is continuously supplied, normal fluctuation of the grid voltage should be no more than 10% of the rated voltage [21] . The rated DC bus voltage of the microgrid in this paper was set at 700 V with a fluctuation of ±5%; that is, U dc_min = 665 V, and U dc_max = 735 V. The SC had a rated voltage of 125 V and the upper limit warning voltage and the lower limit warning voltage were 40%-80%.
In summary, the coordinated control strategy of the energy storage systems is as follows: a) In the shutdown state of an energy storage system, the DAB converter is in an idle state and is not Energies 2019, 12, 2134 7 of 20 charged or discharged; b) in the SC charging area, when the DC bus voltage, U dc , satisfied that U dc > 735 V, and SOCsc ≤ 80%, the SC is charged to absorb excess power in the DC bus; and c) in the SC discharge area, when the DC bus voltage satisfied that U dc < 665 V, and SOC sc > 40%, the SC discharges, supplementing the power shortage in the DC bus.
Model Predictive Control
Model predictive control (MPC) is an active control strategy based on the mathematical model of the converter and is adjusted by predicting the change trend of the control variables. It predicts the optimality of the next moment based on the circuit parameters and the sampling information at the current time to minimize the deviation between the output and the reference. There are many forms of the MPC algorithm, and all MPC algorithms have three basic characteristics: Prediction model, rolling optimization, and feedback correction. A schematic diagram of the MPC strategy of the DAB-SC system studied in this paper is shown in Figure 4 , where u o is the DAB output voltage, u dc is the DC bus voltage, and i SC is the SC current. 9 Regulations" and other relevant standards and specifications, when the DC bus power supply is continuously supplied, normal fluctuation of the grid voltage should be no more than 10% of the rated voltage [21] . The rated DC bus voltage of the microgrid in this paper was set at 700 V with a fluctuation of ±5%; that is, Udc_min = 665 V, and Udc_max = 735 V. The SC had a rated voltage of 125 V and the upper limit warning voltage and the lower limit warning voltage were 40%-80%.
In summary, the coordinated control strategy of the energy storage systems is as follows: a) In the shutdown state of an energy storage system, the DAB converter is in an idle state and is not charged or discharged; b) in the SC charging area, when the DC bus voltage, Udc, satisfied that Udc > 735 V, and SOCsc ≤ 80%, the SC is charged to absorb excess power in the DC bus; and c) in the SC discharge area, when the DC bus voltage satisfied that Udc < 665 V, and SOCsc > 40%, the SC discharges, supplementing the power shortage in the DC bus.
Model predictive control (MPC) is an active control strategy based on the mathematical model of the converter and is adjusted by predicting the change trend of the control variables. It predicts the optimality of the next moment based on the circuit parameters and the sampling information at the current time to minimize the deviation between the output and the reference. There are many forms of the MPC algorithm, and all MPC algorithms have three basic characteristics: Prediction model, rolling optimization, and feedback correction. A schematic diagram of the MPC strategy of the DAB-SC system studied in this paper is shown in Figure 4 , where uo is the DAB output voltage, udc is the DC bus voltage, and iSC is the SC current. 
Establishment of the Prediction Model for the DAB-SC System
The derivative of the output voltage in Equation (14) reflects the trend of the output voltage. Additionally, the Euler forward method can be used to discretize Equation (14) , and then Equation 
The derivative of the output voltage in Equation (14) reflects the trend of the output voltage. Additionally, the Euler forward method can be used to discretize Equation (14) , and then Equation (17) can be obtained:
Equation (17) can be simplified with Equation (14) to obtain Equation (18):
The SC has a high-power density characteristic and can provide a large instantaneous current, thus the current flowing through SC at time t k+1 was set to be i SC (t k+1 ). Then, Equation (19) can be established:
By substituting Equation (19) into Equation (18), Equation (20) can be obtained:
In Equation (20), u o (t k ) and u dc (t k ) represent the DAB output voltage and DC bus voltage, respectively, sampled at time t k ; u o (t k+1 ) represents the predicted value of the SC voltage at time t k+1 .
According to the general characteristics of the capacitor, the equation of the equivalent capacitor in the SC equivalent model can be obtained, as shown in Equation (21): where dt = 2Ts in Equation (21) . In order to reflect the fast response characteristic of the SC, we chose i SC in Equation (21) to be i SC (t k+1 ). Then, Equation (22) can be obtained:
According to Equation (2), the relationship between the capacitance of the SC and the actual voltage across the SC is as shown in Equation (23):
According to Equation (22) and Equation (23), taking the average value of each state in the case of the charging and discharging of the SC, Equation (24) can be obtained:
By joining Equation (20) and Equation (24) together to eliminate i SC (t k ), Equation (25) can be obtained:
where the value of A is as shown in Equation (26):
Phase Shift Optimization Calculation and Analysis
For energy storage systems with a DAB, the primary control objective is to stabilize the DC bus voltage. When the bus voltage is too high, the SC needs to be charged. When the bus voltage is low, the SC is required to discharge.
Therefore, different SC reference voltages were selected in this paper. When the bus voltage is high, the SC reference value takes the upper limit warning voltage, U sc_h ; when the bus voltage is low, the SC reference value takes the lower limit warning voltage, U sc_l . The value of the SC reference value is shown in Equation (27):
The deformation of Equation (27) is given by Equation (28):
The value of B in Equation (28) is as shown in Equation (29):
Therefore, a cost function is established based on the prediction model of Equation (26) of the output voltage as shown in Equation (30):
In order to minimize the deviation between the output voltage and the reference voltage in the next moment, the cost function needs to be minimized; that is, the selected optimal phase shift amount 
The value of M in Equation (31) is as shown in Equation (32):
A block diagram of the MPC structure constructed according to Equation (32) is shown in Figure 5 . 9 Therefore, a cost function is established based on the prediction model of Equation (26) of the output voltage as shown in Equation (30):
In order to minimize the deviation between the output voltage and the reference voltage in the next moment, the cost function needs to be minimized; that is, the selected optimal phase shift amount should minimize the cost function value. By combining Equations (25), (28), and (29) and deriving Equation (30), the value of D can be obtained as in Equation (31):
A block diagram of the MPC structure constructed according to Equation (32) is shown in Figure 5 . It can be seen from the above analysis that the optimal phase shift of the DAB converter in the proposed method is obtained based on the sampling voltage, sampling current, and circuit parameters of the DAB-SC system. Additionally, the parameters of the SC can reflect the fast response characteristics of the SC. Compared with predictive control based on the simple construction of a DAB converter, the proposed control strategy makes the overall response of the DAB-SC system faster.
Simulation Analysis
A simulation model of the DAB-SC system, as shown in Figure 6 , was built in MATLAB/simulink according to the topology diagram of Figure 2 and the control block diagram of Figure 5 . The parameters of the simulation are shown in Table 1 . Additionally, the experimental simulation pulse signal generator had a frequency of 20 kHz and a duty cycle of 50%. 
SC Discharge in the Normal Working Range
When the DC bus voltage, Udc, is lower than the lower limit voltage of 665 V, which is 651.7 V, and the initial value of the voltage, Uo, on the SC side is 75 V, the dynamic response time of the system is 1.9 ms when the bus voltage is stabilized to 665 V with only a prediction model of the DAB converter. The simulation waveform is shown in Figure 7a . Under the same conditions, using the overall prediction model composed of the DAB converter and the SC to control the SC discharge to stabilize the bus voltage to 665 V, the dynamic response time of the system is 1.5 ms, and the simulation waveform is shown in Figure 7b . Under these simulation conditions, a detailed waveform of the drive signal is shown in Figure A1 (see Appendix A). 
When the DC bus voltage, U dc , is lower than the lower limit voltage of 665 V, which is 651.7 V, and the initial value of the voltage, U o , on the SC side is 75 V, the dynamic response time of the system is 1.9 ms when the bus voltage is stabilized to 665 V with only a prediction model of the DAB converter. The simulation waveform is shown in Figure 7a . Under the same conditions, using the Energies 2019, 12, 2134 11 of 20 overall prediction model composed of the DAB converter and the SC to control the SC discharge to stabilize the bus voltage to 665 V, the dynamic response time of the system is 1.5 ms, and the simulation waveform is shown in Figure 7b . Under these simulation conditions, a detailed waveform of the drive signal is shown in Figure A1 (see Appendix A). 9 
When the DC bus voltage, Udc, is lower than the lower limit voltage of 665 V, which is 651.7 V, and the initial value of the voltage, Uo, on the SC side is 75 V, the dynamic response time of the system is 1.9 ms when the bus voltage is stabilized to 665 V with only a prediction model of the DAB converter. The simulation waveform is shown in Figure 7a . Under the same conditions, using the overall prediction model composed of the DAB converter and the SC to control the SC discharge to stabilize the bus voltage to 665 V, the dynamic response time of the system is 1.5 ms, and the simulation waveform is shown in Figure 7b . Under these simulation conditions, a detailed waveform of the drive signal is shown in Figure A1 (see Appendix A). When the DC bus voltage, U dc , is lower than the lower limit voltage of 665 V, which is 651.7 V, and the initial value of the voltage, U o , on the SC side is 58.6 V, the dynamic response time of the system is 24.5 ms when the bus voltage is stabilized to 665 V by using the DAB converter only to establish a prediction model to control the SC discharge. The simulation waveform is shown in Figure 8a . Under the same conditions, using the overall prediction model composed of the DAB converter and the SC to control the SC discharge to stabilize the bus voltage to 665 V, the dynamic response time of the system is 7.5 ms, and the simulation waveform is shown in Figure 8b .
It can be seen from the simulation results in Figures 7 and 8 that when the SC is discharged from different SOCs, the method of using the overall model of the DAB converter and the SC for predictive control to stabilize the bus voltage always obtains faster response times than the method of using the MPC only for the DAB converter to stabilize the bus voltage. and the initial value of the voltage, Uo, on the SC side is 58.6 V, the dynamic response time of the system is 24.5 ms when the bus voltage is stabilized to 665 V by using the DAB converter only to establish a prediction model to control the SC discharge. The simulation waveform is shown in Figure 8a . Under the same conditions, using the overall prediction model composed of the DAB converter and the SC to control the SC discharge to stabilize the bus voltage to 665 V, the dynamic response time of the system is 7.5 ms, and the simulation waveform is shown in Figure 8b . It can be seen from the simulation results in Figure 7 and Figure 8 that when the SC is discharged from different SOCs, the method of using the overall model of the DAB converter and the SC for predictive control to stabilize the bus voltage always obtains faster response times than the method of using the MPC only for the DAB converter to stabilize the bus voltage.
SC Charge in the Normal Working Range
When the DC bus voltage, Udc, is higher than the higher limit voltage of 735 V, which is 749.7 V, and the initial value of the voltage, Uo, on the SC side is 75 V, the dynamic response time of the system is 1.7 ms when the bus voltage is stabilized to 735 V by using the DAB converter only to establish a prediction model to control the SC charge. The simulation waveform is shown in Figure  9a . Under the same conditions, using the overall prediction model composed of the DAB converter and the SC to control the SC charge to stabilize the bus voltage to 735 V, the dynamic response time of the system is 1.1 ms, and the simulation waveform is shown in Figure 9b . Under the simulation conditions, a detailed waveform of the drive signal is shown in Figure A2 
When the DC bus voltage, U dc , is higher than the higher limit voltage of 735 V, which is 749.7 V, and the initial value of the voltage, U o , on the SC side is 75 V, the dynamic response time of the system is 1.7 ms when the bus voltage is stabilized to 735 V by using the DAB converter only to establish a prediction model to control the SC charge. The simulation waveform is shown in Figure 9a . Under the same conditions, using the overall prediction model composed of the DAB converter and the SC to control the SC charge to stabilize the bus voltage to 735 V, the dynamic response time of the system is 1.1 ms, and the simulation waveform is shown in Figure 9b . Under the simulation conditions, a detailed waveform of the drive signal is shown in Figure A2 (see Appendix B) .
When the output power of the photovoltaic is high, the voltage, U dc , on the DC bus side is higher than the higher limit voltage of 735 V, which is 749.7 V, and the initial value of the voltage, U o , on the SC side is 93.6 V, the dynamic response time of the system is 14 ms when the bus voltage is stabilized to 735 V by using the DAB converter only to establish a prediction model to control the SC charge. The simulation waveform is shown in Figure 10a . Under the same conditions, using the overall prediction model composed of the DAB converter and the SC to control the SC charge to stabilize the bus voltage to 735 V, the dynamic response time of the system is 5.9 ms, and the simulation waveform is shown in Figure 10b .
It can be seen from the simulation results in Figures 9 and 10 that when the SC is charged from different SOCs, the method of using the overall model of the DAB converter and the SC for predictive control to stabilize the bus voltage always obtains faster response times than the method of using the MPC only for the DAB converter to stabilize the bus voltage. 
SC Discharge Closer to the Lower Limit
Through the observations of Figures 7-10 , it can be found that in these four cases, compared with the method of using the MPC only for the DAB converter to stabilize the bus voltage, the method of using the overall prediction model composed of the DAB converter and the SC to stabilize the bus voltage makes the SC voltage have a larger amount of change. Figure 11 contains the simulation waveforms obtained by using two different control methods when the voltage, U dc , on the DC bus side is 651.7 V and the initial value of the voltage, U o , on the SC side is 58 V. As can be seen from Figure 11a , in this case, a method of establishing a prediction model only for the DAB converter to control the discharge of the SC cannot stabilize the bus voltage to 665 V. It can be seen from Figure 11b that the dynamic response time of the system is 12 ms by using the overall prediction model composed of the DAB converter and the SC to control the SC discharge to stabilize the bus voltage to 665 V. 9 simulation waveform is shown in Figure 10b .
It can be seen from the simulation results in Figure 9 and Figure 10 that when the SC is charged from different SOCs, the method of using the overall model of the DAB converter and the SC for predictive control to stabilize the bus voltage always obtains faster response times than the method of using the MPC only for the DAB converter to stabilize the bus voltage.
Through the observations of Figures 7-10 , it can be found that in these four cases, compared with the method of using the MPC only for the DAB converter to stabilize the bus voltage, the method of using the overall prediction model composed of the DAB converter and the SC to stabilize the bus voltage makes the SC voltage have a larger amount of change. Figure 11 contains the simulation waveforms obtained by using two different control methods when the voltage, Udc, on the DC bus side is 651.7 V and the initial value of the voltage, Uo, on the SC side is 58 V. As can be seen from Figure 11a , in this case, a method of establishing a prediction model only for the DAB converter to control the discharge of the SC cannot stabilize the bus voltage to 665 V. It can be seen from Figure 11b that the dynamic response time of the system is 12 ms by using the overall prediction model composed of the DAB converter and the SC to control the SC discharge to stabilize the bus voltage to 665 V. When the voltage, U dc , on the DC bus side is 651.7 V, and the initial value of the voltage, U o , on the SC side is 56.58 V, using the overall prediction model composed of the DAB converter and the SC to control the SC charge to stabilize the bus voltage to 665 V, the dynamic response time of the system is 15 ms, and the simulation waveform is shown in Figure 12 .
When the voltage, Udc, on the DC bus side is 651.7 V, and the initial value of the voltage, Uo, on the SC side is 56.58 V, using the overall prediction model composed of the DAB converter and the SC to control the SC charge to stabilize the bus voltage to 665 V, the dynamic response time of the system is 15 ms, and the simulation waveform is shown in Figure 12 . Figure 13 contains the simulation waveforms obtained by using two different control methods when the voltage, Udc, on the DC bus side is 749.7 V and the initial value of the voltage, Uo, on the SC side is 94 V. As can be seen from Figure 13a , in this case, the method of establishing a prediction model only for the DAB converter to control the charge of the SC cannot stabilize the bus voltage to 735 V. It can be seen from Figure 13b that the dynamic response time of the system is 6 ms by using the overall prediction model composed of the DAB converter and the SC to control the SC charge to stabilize the bus voltage to 735 V.
SC Charge Closer to the Upper Limit
When the voltage, Udc, on the DC bus side is 749.7 V, and the initial value of the voltage, Uo, on the SC side is 98.1 V, using the overall prediction model composed of the DAB converter and the SC to control the SC charge to stabilize the bus voltage to 735 V, the dynamic response time of the system is 22.3 ms, and the simulation waveform is shown in Figure 14 . Figure 13 contains the simulation waveforms obtained by using two different control methods when the voltage, U dc , on the DC bus side is 749.7 V and the initial value of the voltage, U o , on the SC side is 94 V. As can be seen from Figure 13a , in this case, the method of establishing a prediction model only for the DAB converter to control the charge of the SC cannot stabilize the bus voltage to 735 V. It can be seen from Figure 13b that the dynamic response time of the system is 6 ms by using the overall prediction model composed of the DAB converter and the SC to control the SC charge to stabilize the bus voltage to 735 V.
When the voltage, U dc , on the DC bus side is 749.7 V, and the initial value of the voltage, U o , on the SC side is 98.1 V, using the overall prediction model composed of the DAB converter and the SC to control the SC charge to stabilize the bus voltage to 735 V, the dynamic response time of the system is 22.3 ms, and the simulation waveform is shown in Figure 14 .
It can be seen from the simulation results of Figures 11-14 that compared with the method of establishing a prediction model only for the DAB converter to stabilize the bus voltage, the method of using the overall prediction model composed of the DAB converter and the SC to stabilize the bus voltage increases the actual upper limit of the SC voltage, reduces the actual lower limit of the SC voltage, and expands the actual capacity utilization range of the SC by 18.63%. Energies 2019 16 of 20 9 (a) (b) 
Conclusions
In this paper, a hybrid MPC strategy composed of a DAB and SC was proposed in order to improve the dynamic characteristics of an energy storage system. The structural characteristics of the SCs were analyzed, and a suitable equivalent model of the SC was chosen for its fast response characteristics. The working principle of the DAB converter in each stage under single-phase shift control was analyzed and the prediction model of the DAB-SC system was established. By combining the SC model and the DAB model, an appropriate evaluation target was selected to establish the objective function for model prediction. A simulation model of the DAB-SC system was built in MATLAB/Simulink for verification. The simulation results show that the proposed method with the overall prediction model composed of a DAB converter and SC can effectively improve the overall response speed of the system and expand the actual capacity utilization range of the SC. The validity of the proposed method was verified and the proposed method has good application prospects in improving the dynamic response performance of energy storage systems. 
Appendix A
It can be seen from Figure A1 that the secondary side drive signal of the converter leads the primary side drive signal in SC discharge state. And comparing Figures A1a and A1b, it can be seen that compared with the method of establishing a prediction model only for the DAB converter to control SC discharge, the method of controlling SC discharge by using the overall prediction model composed of the DAB converter and SC has a larger amplitude of inductor current, and due to the internal resistance R ES of SC, the voltage on the low voltage side declines instantaneously when SC is discharged, making U dc > nU o , therefore, the inductor current in the power transfer mode of the converter decreases linearly when SC is discharged. 
Appendix B
It can be seen from Figure A2 that the primary side drive signal of the converter leads the secondary side drive signal in SC discharge state. And comparing Figure A2a and Figure A2b , it can be seen that compared with the method of establishing a prediction model only for the DAB converter to control SC discharge, the method of controlling SC discharge by using the overall prediction model composed of the DAB converter and SC has a larger amplitude of the inductor current, and due to the internal resistance RES of SC, the voltage on the low voltage side rises instantaneously when SC is charged, making Udc < nUo, therefore, the inductor current in the power transfer mode of the converter decreases linearly when SC is charged. 
It can be seen from Figure A2 that the primary side drive signal of the converter leads the secondary side drive signal in SC discharge state. And comparing Figures A2a and A2b, it can be seen that compared with the method of establishing a prediction model only for the DAB converter to control SC discharge, the method of controlling SC discharge by using the overall prediction model composed of the DAB converter and SC has a larger amplitude of the inductor current, and due to the internal resistance R ES of SC, the voltage on the low voltage side rises instantaneously when SC is charged, making U dc < nU o , therefore, the inductor current in the power transfer mode of the converter decreases linearly when SC is charged. 
